Lubrication is one of the process variables that affect the quality of stamping sheet materials. Using a good lubricant can significantly reduce scrap rate and=or improve the quality of stamping. In this study, different types of lubricants were evaluated using strip draw test (SDT) and deep draw test (DDT) for stamping of galvannealed steel sheets. Finite element (FE) simulations were carried out to determine the coefficient of friction at tool-work piece interface during deep drawing under different lubrication conditions and blank holder forces. Flow stress data of materials under biaxial load which are used in FE simulations are obtained by viscous pressure bulge tests. SDT was used as a preliminary test to evaluate the relative performance of the lubricants. Lubricants that showed good performance in this test were tested using DDT. Dimensions of the formed strips and cups and the maximum applicable blank holder force to draw parts without fracturing were the criteria used for evaluation of lubricants in both tests. In general, it was possible to form cups with higher blank holder force when synthetic=water-based lubricants were applied to the sheet. In conclusion, evaluated synthetic=water-based lubricants had better lubricity than petroleum-based lubricants.
Introduction
There are various tribotests that are used to evaluate the performance of stamping lubricants.As these tests are performed under laboratory conditions, it is important that they emulate the conditions found in stamping plants. The tribotests widely used to evaluate lubricants include strip draw test (SDT), draw bead test, sliding test, and limited dome height test. Strip reduction test was introduced by Andreasen et al. [1] and was used to evaluate lubricants for galling of the tool while ironing stainless strips. Twist compression test was used by many investigators [2] in order to estimate the coefficient of friction (COF) of stamping lubricants. Many of the above tests fail to emulate real-world production conditions in terms of contact pressure, plastic deformation of the sheet material, temperature, and forming velocities. These factors influence the performance of the stamping lubricant and hence need to be considered while choosing a test to evaluate lubricants. The deep draw test (DDT) used in this study to evaluate the stamping lubricants represents very closely the conditions that exist in the production of sheet metal parts. Therefore, it was selected for this study. However, SDT was also used for preliminary selection from a large number of lubricants.
The overall objective of this study is to select a lubricant that will help in reducing scrap rate while stamping galvannealed (GA) and galvannealed=prephosphate steel used in various North American plants of a major car manufacturer. The specific objectives are to:
(1) Evaluate the various stamping lubricants under nearproduction conditions (2) Select lubricants that perform well for stamping GA steels (3) Determine the coefficient of friction at tool-work piece interface under different lubrication conditions through finite element (FE) simulations.
Experiments, Analysis, and Results
All the lubricants in this study were evaluated first using the SDT, which works on the same principle as the DDT.When a large number of lubricants need to be evaluated, SDT is a good preliminary test. The lubricants that performed well in SDT were evaluated using DDT (Fig. 1) . DDT was used as the decisive test in order to evaluate the lubricants. Preliminary FE simulations were conducted before SDT and DDT to determine the optimal test conditions. FE simulations were also compared with experimental results in order to determine the coefficient of friction for different lubrication conditions [3] . Fig. 2 was previously used by Kim [4] in order to evaluate galling on the tool surface while forming advanced high strength steels. In this test, two die inserts are used in order to draw the strip. Die corner radius of 5 mm is selected to achieve severe test conditions. Figure 3 shows the half model of a drawn strip, 81 mm in depth, and U-shaped. The criterion used to evaluate performance of the lubricant is strip elongation. The smaller the strip elongation (i.e., smaller the thinning of the specimen), the better is the lubrication condition.
SDT. Strip draw test shown in
A good lubricant will reduce the COF and this will decrease the punch force and the strip elongation. In addition, varying the coefficient of friction using different lubricants and blank holder forces (BHFs) will result in a wide range of friction forces based on the Coulomb's law given by Eq. (1), where s is the frictional shear stress, l is the coefficient of friction, and P b is the blank holder pressure.
Finite Element
Simulations for Strip Draw Test. Different lubrication conditions correspond to different COF at the tool-workpiece interface.Hence, FE simulations were conducted with PAMSTAMP 2G [5] in order to determine the BHF that can be applied during SDT without necking or fracturing by observing the change in draw-in lengths and punch forces at different COFs for different BHFs [6] . Parameter used for the simulations is given in Table 1 .
From Table 2 , it was seen that a BHF of 3-5 ton does not cause necking. Fracture or forming limit was assumed to be reached at 24% maximum wall thinning. BHF of 5 ton showed more variation in draw-in length and punch force across different COFs than BHF of 3 ton. Thus, it was determined that in the present experimental setup, 3-5 ton BHF was a good working range for SDT based on Table 2. 2.3 Experimental Set-Up and Testing Condition 2.3.1 Description of the Tooling. The strip drawing tooling was placed in a 160 metric-ton hydraulic press that has a maximum ram speed of 300 mm=s (Fig. 4) . The die inserts (Fig. 3) attached to the upper ram moved down to form a strip over a stationary punch. The preset constant BHF was applied by the CNCcontrolled hydraulic cushion pins. During the test, the punch force was measured by a load cell located at the bottom of punch and the displacement of the die inserts was recorded by a laser sensor.
Test
Procedure. Strips of dimensions 356 mm Â 25.4 mm Â 0.75 mm were deep drawn to take the shape shown in Fig. 3 . The BHF to be applied was decided based on FE simulations Table ( 2). Strips were drawn for various lubrication conditions, and the length of deformed strip was measured for each condition. Analysis of the results based on strip elongation was used to evaluate the performance of the lubricants.
Lubricant Selection and Application.
In this study, fifteen lubricants and two washer oils were evaluated, four of the lubricants failed in the tests for chemical stability and cleanability. The remaining 21 conditions (mill oil þ washer oil þ lubricant) were evaluated using SDT Table 3 gives the types and codes of lubricants evaluated in these series of tests.
The lubricants were applied on the strips by using a pipette and draw-down bar for uniform application. Lubricants were applied to a coating weight of 1.5 (6 0.3 gm=m 2 ). This was determined by measuring the strip weight before and after the application of the lubricant.
2.3.4
Test Conditions. The BHF used in the tests were selected based on the results of FE simulations (Sec. 2.2). During SDT, BHF of 3 ton gave significant differences in draw-in length for different lubrication conditions. The ram speed for testing was chosen to be 10 mm=s because it was the maximum speed at 3 ton BHF that the strip could be formed. Table 4 gives the conditions under which strip draw test was conducted. Table 5 gives the anisotropy values and thickness of the sheet materials used in this study.
Results of Strip Draw
Tests. The variation in strip elongations was used to evaluate the different lubrication conditions for all four sheet materials Table 5 . The average strip elongations and the variations (five specimens) observed for different lubricants after drawing are shown in Fig. 5 . It was also found that the lubricants performed almost the same on all the four sheet materials used.
M indicates mill oil that was applied on the sheet by the steel supplier, while W2 and W3 indicate washer oils. Based on the results of the SDT, the test matrix for DDT was determined.
2.5 DDT-Principles. Deep draw tests were conducted by Kim et al. [7] in order to evaluate stamping lubricants in forming advanced high strength steels (AHSS). In deep drawing, the most severe friction usually takes place at the flange area as shown in Fig. 2 . The lubrication condition in the flange area influences (1) thinning and possible failure of the sidewall in the drawn cup and (2) draw-in length, L d , in the flange (Fig. 6 ). As the blank holder pressure, P b , increases, the frictional stress, s, also increases based on Coulomb's law, as shown in Eq. (1). Therefore, lubricants can be evaluated in deep drawing by determining the maximum applicable blank holder force without fracture in the cup wall.
The two criteria used to evaluate lubricants in DDT are
(1) Maximum applicable blank holder force without fracture in side wall (2) Draw-in length in the flange (larger the draw-in length, better the lubricant). This is equivalent to measuring the flange perimeter (smaller the perimeter, better the lubrication).
2.6 FE Simulations for Deep Draw Test. FE simulations were conducted in order to predict (i) the applicable range of blank holder forces in deep drawing experiments and (ii) the coefficient of friction at the tool-blank interface.
FE simulations were conducted using the software DEFORM-2D [8] in order to determine the applicable range of BHF for deep draw tests based on the maximum thinning for different COFs at different BHFs. The flow stress data of the materials were obtained using biaxial viscous pressure bulge test [9] (Appendix). A range of 0.05-0.07 was used for COF based on previous studies. Range of 20-40 ton BHF was used in the FE simulations based on the studies conducted by Kim et al. [7] . From the SDT experiments, it was found that the strip fractures after thinning of 28%. Hence, this value was used as the criterion to determine the Transactions of the ASME workable range of BHF. The FE model and results used are seen in Fig. 7 and Table 6 .
As seen in Table 6 , a range of 20-30 ton BHF would be suitable to carry out deep draw tests. Since a difference in thinning was observed for various COF, there would be variation in draw-in length for different lubricants.
FE simulations were carried out with PAMSTAMP 2G after the deep draw experiments in order to predict the coefficient of friction at the tool-blank interface, using the parameters given in Table 7 . PAMSTAMP 2G was used instead of DEFORM 2D because it was much faster while giving comparable results. Because of axisymmetry, only one quarter of the cup was modeled in finite element analysis (FEA), as seen in Fig. 8 . The flange perimeter obtained at the end of stroke in the simulation is compared with the flange perimeter obtained in the experiment. This was used to determine the coefficient of friction from the simulation. The results are given in Sec. 2.9.
Experimental Set-Up and Test
Conditions. The tooling used in deep draw test is the same as that used for strip draw test except that the die inserts were replaced with a round draw die. In deep drawing tooling, the die corner radius is 16 mm and the diameter of the die cavity is 158.2 mm (Fig. 6 ).
Test Procedure.
Round blanks of 305 mm were drawn into round cups as shown in Fig. 9 . The perimeter of the flange of the cup was measured. Cups were drawn with different lubrication conditions at different BHFs. The perimeters of cups drawn at the same BHF were compared for evaluation. With "better" lubricants, cups can be drawn at higher BHFs. Maximum punch force was also recorded in the tests.
Lubricant Selection and Application.
Selection of lubricants for deep draw test was done based on the results of strip draw tests. The lubricant was applied using a pipette and draw down bar. Lubricant coating weight of 1.5 (6 0.3) gm=m 2 was maintained. The lubrication conditions for the tests were selected to emulate the application of lubricants in stamping plants using rollers.
Test Conditions.
Blank holder forces for deep draw tests were selected based on the results of FE simulations. Thus, the range of 20-30 ton BHF was found to be suitable for the tests. Ram speed for testing was around 40 mm=s, which is close to the speeds of production presses. Table 8 shows the test parameters for deep drawing experiments.
Results of Deep Draw
Tests. The lubricants were evaluated based on (1) maximum blank holder force at which cups can be drawn without fracture and (2) perimeter of the flange of the cup. The perimeter of cups drawn using different lubrication conditions at the same BHF was compared for evaluation. A lubrication condition was said to have failed at a certain BHF if the cup fractures. Figures 10-12 give the flange perimeter and punch force recorded for the different lubrication conditions at different BHFs. Lubricants that sustained higher BHFs were classified as "good" lubricants. For the same BHF, the lubricants that gave lower flange perimeter were considered as "better" lubricants.
The experimental results showed that the water-based lubricants L6 and L15 performed well while in general, synthetic lubricants and water-based lubricants performed better than petroleum-based lubricants. Although this might not be obviously intuitive, the newly developed synthetic and water-based lubricants with additives showed better performance in comparison with traditionally used petroleum-based lubricants.
It can also be observed that the BHF also affects the flange perimeter for the same lubricant. This is because different BHFs would lead to a different contact pressures between the blank and the blank holder. The properties of the lubricants may change with the contact pressure and temperature. Lubricants with pressure and temperature additives tend to perform better at higher BHFs while the others may not.
2.9
Determination of COF at Tool-Blank Interface. The flange perimeter of the cups obtained from experiments and FE simulations of deep draw test was compared in order to determine the coefficient of friction at tool-blank interface for different lubrication conditions and different BHFs. The coefficient of friction was assumed to be the same at both the blank-blank holder interface and the blank-die interface since the COF at the two interfaces is unknown and could not be determined.
In Fig. 13 , the two circled values showed the flange perimeter as obtained from FE simulations for COF 0.09 and 0.1. The flange perimeter obtained for COF 0.09 in FE simulation was 753 mm which was about the same for lubrication condition M þ L15. Hence, COF while using M þ L15 is about 0.09. Similarly, COF while using M þ L9 is 0.1. The COF while using the other lubricants were calculated using the same procedure. Figure 13 illustrates the comparison of flange perimeter estimated by FEA for COF of 0.08 and 0.09 with experimental data for BHF of 22 ton.
Similarly, Fig. 15 compares the flange perimeter predicted by FEA with experimental data for BHF of 24 ton.
Figures 13-15 illustrate that (1) There was a noticeable difference in the coefficient of friction at the tool-sheet interface for different lubricants at the same BHF. (2) The coefficient of friction was reduced with increase in BHF for the same lubricant. This has been found out by comparison of experimental and simulation results. COF depends on the surface finish of the two materials in contact. The surface finish of the softer material (blank) may vary at higher BHFs. Some flattening of the peaks may occur in the blank at higher BHF, resulting in an improved=smoother surface and hence reducing the COF. A similar effect has also been shown in Ref. [10] , where PAM-STAMP simulations were conducted and the effect of COF on BHF was studied.
Discussions
It is important to recognize the conditions in which parts are stamped in the industry in order to evaluate lubricants because lubricants behave differently under different stamping conditions. Some of the aspects to be considered are:
3.1 Lubricant Application Method and Quantity. It is important to make sure that the lubricant is evenly distributed on the sheet metal for the required amount. The amount of lubricant of the sheet surface affects the quality of stamped part. Hence, optimal amount of lubricant needs to be applied depending on the (1) amount of lubricant that can be applied on the sheet under production conditions, (2) amount of lubricant required to stamp "good" parts.
In this study, a pipette was used to make sure that there is repeatability in the amount of lubricant applied and draw down bars were used to ensure uniform distribution of lubricant on the sheet metal specimens. Hence, consistency was maintained within a sample and between samples.
3.2 Die and Blank Holder Surface. In this study, the blank holder surface was polished to a surface roughness (R a ) of 0.25-0.35 lm. The dies used in this study had a surface roughness (R a ) of 0.2 (6 0.2) lm. Kim et al. [11] measured the surface roughness of a die used for forming the outer panel of an automobile and found that the R a value varies from 0.21 to 1.39 lm. Further, they observed that the coefficient of friction does not decrease with decreasing surface roughness. Instead, the COF was found to be lowest at the surface roughness R a value of 0.3 lm.
3.3 Blank Holder Force=Binder Force. The blank holder force used in the experiments should be comparable to those used in production conditions. In this study, BHF of 20-24 ton was used in order to draw DQS cups of 12 in. diameter and over a die radius of 0.63 in. This is comparable to the forces used in the stamping industry. The amount of blank holder force has a significant effect on the quality of the stamped part.
Ram Speed.
The speed at which the ram travels has an important effect on the drawability of the part. Additionally, some lubricants perform differently at different speeds, due to heat generated at the sheet-tool interface. Hence, it is important that the experiments are done at speeds comparable to that used in production environment. Ram speed of about 40 mm=s used in this study is comparable to the average ram speed encountered in production stamping presses.
Summary and Conclusions

Summary
(1) Several lubricants were evaluated for stamping DQS 270 grades of steel. (2) Strip draw test was used for preliminary evaluation and deep draw test was used as a conclusive test for the evaluation of lubricants. (3) The criteria used for evaluation was (i) maximum blank holder force and (ii) strip length in strip draw test and flange length in deep draw test. (4) Coefficient of friction was determined for different lubrication conditions and blank holder forces by comparing the results of FE simulations with experimental data.
Conclusions
(1) The strip draw tests and deep draw tests were successful in differentiating the performance of different lubricants under near-production conditions. (2) The tests revealed that lubricants L15 and L6 performed the best and lubricants L10 and L1 were next best. (3) In general, the studies showed that water-based=synthetic lubricants performed better than petroleum-based lubricants. In this test, synthetic lubricants have better lubricity because they have high pressure and temperature additives that improved their performance. However, the exact compositions of these additives as well as that of all the lubricants tested are proprietary and they are not available from the lubricant suppliers. (4) Simulations revealed that the coefficient of friction reduced with increase in BHF when all other conditions remained unchanged.
Appendix: Viscous Pressure Bulge (VPB) Test
VPB tests were carried out in order to obtain the biaxial flow stress data of the materials used in the FE simulations conducted in this study. The schematic of VPB tooling is shown in Fig. 16 . The flow stress curves (Fig. 17) were used in the finite element simulations. Details on the viscous pressure bulge test can be found in Ref. [9] . 
